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SUMMARY 

A fixed-base s imula t ion  s tudy  has been made to eva lua te  t h e  use of 
decoupled l o n g i t u d i n a l  c o n t r o l s  during t h e  approach and landing  of a typical 
twin-engine j e t  transport i n  t h e  presence of wind shear .  
employed a l l  s i x  rigid-body degrees  of freedan. The f l i g h t  ins t rumenta t ion  
included a l o c a l i z e r  and a f l i g h t  d i r e c t o r .  The primary p i l o t i n g  t a s k  w a s  to 
cap tu re  and maintain a 3O g l i d e  slope by using t h e  f l i g h t  d i r e c t o r  and then to 
complete t h e  landing  by using v i sua l  cues provided below an a l t i t u d e  of 200 m 
by c losed-c i rcu i  t t e l e v i s i o n  and a t e r r a i n  model. 

The s imula t ion  

The decoupled l o n g i t u d i n a l  c o n t r o l s  used cons tan t  p r e f i l t e r  and feedback 
ga ins  to provide s t eady- s t a t e  decoupling of f l i gh t -pa th  angle ,  p i t c h  angle ,  and 
forward v e l o c i t y  as commanded through t h e  column, f l a p  l e v e r ,  and t h r u s t  l e v e r ,  
respec t ive ly .  The decoupled c o n t r o l  system demonstrated improved performance 
over  a convent ional  c o n t r o l  system during approaches made i n  t h e  presence of 
wind shear  a l though t h e  improvement w a s  no t  s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  a l l  
p i l o t  and wind-shear canbinat ions.  The use  of t h e  decoupled c o n t r o l s  also 
improved t h e  p i l o t ' s  a b i l i t y  to  complete s a f e  landings.  The p i l o t s  p re fe r r ed  
t h e  decoupled c o n t r o l s  and, on a p i l o t  r a t i n g  scale, r a t e d  t h e  approach and 
landing t a s k  1 t o  3 increments  b e t t e r ,  depending on wind-shear condi t ions ,  
than  when t h e  convent ional  c o n t r o l  system w a s  used. 

INTRODUCTION 

The approach and l and ing  phases of f l i g h t  can be q u i t e  demanding f o r  
t r a n s p o r t  p i l o t s  i n  t h e  presence of wind shear.  Indeed, wind shear  has been 
a s i g n i f i c a n t  f a c t o r  i n  s e v e r a l  a i r p l a n e  crashes (refs. 1 and 2) t h a t  occurred 
dur ing  f i n a l  approach. S tud ie s  ( r e f s .  3, 4, and 5) have shown t h a t  t h e  use 
of decoupled c o n t r o l s  t h a t  provide independent c o n t r o l  of f l i gh t -pa th  angle  , 
p i t c h  angle ,  and forward v e l o c i t y  can a l l e v i a t e  t h e  high-workload condi t ion  t h a t  
e x i s t s  during t h e  l and ing  approach of a s imulated s h o r t  t a k e o f f  and landing  
(STOL) t r anspor t .  I n  add i t ion ,  decoupled c o n t r o l s  t h a t  provide direct c o n t r o l  
of f l i gh t -pa th  angle  should be a b l e  to respond more r a p i d l y  to  wind shear  than  
convent ional  c o n t r o l s  which m u s t  rotate t h e  a i r p l a n e  i n  p i t c h  i n  o rde r  to change 
l i f t .  

The p resen t  s imula t ion  s tudy  compared t h e  performance of decoupled longi-  
t u d i n a l  c o n t r o l s  with convent ional  c o n t r o l s  during t h e  landing  approach of a 
Boeing 737 t r a n s p o r t  i n  t h e  presence of wind shear .  The decoupled l o n g i t u d i n a l  
c o n t r o l  system a u t a n a t i c a l l y  changed t h e  t h r  u s t ,  e l e v a t o r  pos i t i on ,  and sym- 
metric s p o i l e r s  to produce independent or decoupled c o n t r o l  of f l i gh t -pa th  
angle ,  p i t c h  angle ,  and forward ve loc i ty .  I t  w a s  be l ieved  t h a t  m o s t  of t h e  
b e n e f i t s  of t h e  decoupling concept could be maintained when t h e  system w a s  o n l y  
approximately decoupled s i n c e  t h e  pi lots  would n o t  n o t i c e  a s m a l l  amount of 
coupling. Consequently, no attempt w a s  made to inc lude  sensor  noise ,  and t h e  
decoupled c o n t r o l l e r  used cons t an t  ga ins  which were predetermined from a s imple 
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l i n e a r  a i r p l a n e  model t h a t  d i d  no t  inc lude  complex engine  or actuator dynamics. 
The use of c o n s t a n t  g a i n s  would avoid t h e  n e c e s s i t y  f o r  onboard computation i n  
a c t u a l  f l i g h t  bu t  r e s t r i c t e d  t h e  use of t h e  c o n t r o l l e r  to t h e  approach and land- 
ing  phases. The a i r p l a n e  states were decoupled on ly  under s t eady- s t a t e  condi- 
t i o n s ,  and modern c o n t r o l  theory  was app l i ed  to  determine t h e  c o n t r o l s  t h a t  
reach  t h e  s t eady  s t a t e  i n  an  optimal manner. 

The fixed-base s imula t ion  s tudy  employed real-time d i g i t a l  computation of 
t h e  six-degree-of-freedan nonlinear equat ions  of motion t h a t  r e p r e s e n t  t h e  
Boeing 737 a i r p l a n e .  The s tudy  used a fixed-base cockpit which included a 
v i s u a l  landing  d i s p l a y  genera ted  through t h e  use of a c l o s e d - c i r c u i t  tele- 
v i s i o n  and a t e r r a i n  model board. The s imula t ion  inc luded  t h e  e f f e c t s  of 
l i g h t ,  moderate, and seve re  wind shea r s  and turbulence .  

SYMBOLS 

A matr ix  of a i r c r a f t  s t a b i l i t y  c o e f f i c i e n t s  

ax 1 az l o n g i t u d i n a l  and normal a c c e l e r a t i o n ,  r e s p e c t i v e l y ,  g u n i t s  
(1 g = 9.8 m/sec2) 

B mat r ix  of a i r c r a f t - c o n t r o l  c o e f f i c i e n t s  

C mat r ix  r e l a t i n g  d e s i r e d  output  vec tor  t o  s ta te  vec to r  

c, pitching-moment c o e f f i c i e n t  

2mg 
weight c o e f f i c i e n t ,  - - 

pv2s 
C W 

CX l ong i tud ina l - fo rce  c o e f f i c i e n t  

CZ normal-force c o e f f i c i e n t  

C mean aerodynamic chord, m 
- 

DMR( ) s t a t i s t i c a l  q u a n t i t y  of Duncan m u l t i p l e  range test: parentheses  
des igna te  particular f a c t o r  cons idered  

e i  i t h  i t e r a t i o n  of gene ra l  v a r i a b l e  e 

F c a l c u l a t e d  tes t  s ta t i s t ic ,  dimensionless 

G mat r ix  of p r e f i l t e r  ga ins  used i n  decoupled c o n t r o l l e r  
(see appendix A) 

g a c c e l e r a t i o n  due to g r a v i t y ,  m/sec2 

H matr ix  of feedback ga ins  used i n  decoupled c o n t r o l l e r  (see 
appendix A) 
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h a l t i t u d e ,  m 

I i d e n t i t y  mat r ix  

Ix, I y  , Iz  moment? of i n e r t i a  about X, Y,  and Z body axes, respec t ive ly ,  
kg-mL 

product of i n e r t i a ,  kg-m2 

performance index used i n  determining optimal c o n t r o l  (see 
appendix A) 

m a s s  of a i rp l ane ,  kg 

number of f l i g h t s  

s o l u t i o n  to mat r ix  R i c c a t i  equat ion (see appendix A) 

angular v e l o c i t y  about Z body ax i s ,  deg/sec or rad/sec 

s t a t e -va r i ab le  weighting matr ix  used i n  performance index J 

cont ro l -var iab le  weighting ma t r ix  used i n  performance index J 

range from aircraf t  t o  threshold ,  measured on E a r t h ' s  su r f ace ,  m 

vector of commanded i n p u t s  by p i lo t  

wing a r e a ,  m 2  

Laplace operator 

to t a l  t h r u s t ,  N 

t i m e ,  sec 

s t a t i s t i c a l  quan t i ty  of t-test of s tudents '  t d i s t r i b u t i o n ;  
parentheses  des igna te  particular f ac to r  considered 

v e l o c i t y  canponents along X and Z body axes,  r e spec t ive ly ,  knots 

vector  of con t ro l  va r i ab le s  

d i f f e r e n c e  between ins tan taneous  con t ro l  vector and vector of p i lot  
i n p u t s  

t r u e  a i r speed ,  knots ( f t / s@c)  

body axes 

vector of s ta te  v a r i a b l e s  
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X e  

f 

Y i  

Y 

Y 
+ 

a 

t: 

Y 

'e 

&SP 

t h  

e 

vector  of s ta te  v a r i a b l e s  a t  equi l ibr ium cond i t ions  

d i f f e r e n c e  between ins tan taneous  and equ i l ib r ium state vec to r s  

i n e r t i a l  a x i s  located a t  runway threshold ,  p o s i t i v e  Y i  to r i g h t  

d i s t a n c e  a long  Yi-axis, m 

vector  of s ta te  v a r i a b l e s  to be c o n t r o l l e d  i n  a decoupled manner 

ang le  of attack, deg 

ang le  of s i d e s l i p ,  deg 

a i r - re ferenced  f l igh t -pa th  angle ,  deg 

e l e v a t o r  d e f l e c t i o n ,  p o s i t i v e  f o r  t r a i l i n g  edge down, deg or rad 

s p o i l e r  d e f l e c t i o n ,  deg or rad 

equ iva len t  t h r o t t l e  d e f l e c t i o n  

p i t c h  angle ,  deg or rad 

f e i  

i = l  
arithmetic mean, - 

n 
P 

P air  dens i ty ,  kg/m3 

4 bank angle ,  rad or deg 

A i r c r a f t  s t a b i l i t y  and con t ro l  c o e f f i c i e n t s :  

ac' 
= -  

''&e as, 

= -  
czgsp assp 

= -  C 
'6, ase 
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a -  
V 

C& = - 
aa 

a -  
2v 

cG = - &C a -  
2v 

V 

acm 

qc a -  
% =  - 

2v 

C% = - 
a -  

. _  
C%C 

2v 

Superscripts: 

T mat r ix  t r  ans pose 

-1 mat r ix  i n v e r s e  

1 nondimensional pe r tu rba t ions  from equi l ibr ium 

Subscr ip ts :  

C comanded by p i l o t  

0 t r i m  cond i t ion  

Abbrevi a t i o n s  : 

ANOV ana l  ys is of var i ance 

DIAS dev ia t ion  i n  i n d i c a t e d  airspeed from re fe rence  condi t ion  ( 1  30 knots  
for convent ional  c o n t r o l s  and 122 knots  f o r  decoupled c o n t r o l s )  

d.0.f. degrees  of freedom 
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ELK l o c a l i z e r  error 

t h  . -  - b - Y C  
6 '  
e 

P r e f i l t e r  
- L *- ga in  - L _  

I % mat r ix  6 '  .. sp -= U G 
C 

GSE gl ide-  slope error 

Linear ized 
a i r p l a n e  

of motion 
equat ions  
I 

7 

I A S  ind ica t ed  airspeed 

6' - Feedback 6 '  

IFR instrument  f l i g h t  r ules 

g a i n  4 

ILS instrument  landing system 

rms root mean square  

A dot over a symbol denotes d i f f e r e n t i a t i o n  w i t h  respect to t i m e .  

SIMULATED AIRPLANE DESCRIPTION 

The simulated a i r p l a n e  used i n  t h i s  s tudy  w a s  a B e i n g  737-100 twin-engine 
medium j e t  t r anspor t .  
of t h e  Pra t t  & Whitney J T 8 P 7  tu rbofan  engines.  
of t h e  simulated a i r p l a n e  are presented  i n  table  I, and t h e  i n i t i a l  condi t ions  
are given i n  table  11. 
w a s  mployed. 
s t a b i l i z e r  and d i r e c t i o n a l  con t ro l  by a s ingle-surf  ace rudder. 
was obta ined  by canbined a i l e r o n s  and spoilers. 
is shown i n  f i g u r e  1 .  
c a l l y  f o r  rol l  c o n t r o l  and symmetr ical ly  f o r  l o n g i t u d i n a l  c o n t r o l  when t h e  
decougled c o n t r o l s  were used. 
t h e  ground to  reduce s topping d is tance .  

The s imula t ion  included detailed response c h a r a c t e r i s t i c s  
The phys ica l  c h a r a c t e r i s t i c s  

When flown i n  t h e  convent ional  m o d e ,  no a u t o t h r o t t l e  
Longi tudinal  c o n t r o l  w a s  achieved by an  e l eva to r  and movable 

Lateral con t ro l  
The wing spoiler arrangement 

Spoiler panels  2, 3, 6, and 7 were deployed asymmetri- 

The ground s p o i l e r s  could  o n l y  be employed on 

DECYXTPLED CON'JXOLS 

The genera l  approach taken f o r  providing independent or decoupled c o n t r o l  
of f l i g h t - p a t h  angle ,  p i t c h  angle ,  and forward v e l o c i t y  is depic ted  i n  t h e  
fol lowing 

P i l o t  
i n p u t s  
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The decoupled long i tud ina l  c o n t r o l l e r  w a s  mechanized so t h a t  t h e  p i l o t  com- 
manded f l i g h t - p a t h  angle  Xc through inputs  to t h e  column, p i t c h  ang le  8, 
through the  f l a p  lever, and forward v e l o c i t y  uc through t h e  t h r o t t l e .  I n  
add i t ion ,  t h e  thumb c o n t r o l l e r  on t h e  l e f t  horn of t h e  con t ro l  yoke w a s  used 
to t r i m  f l i g h t - p a t h  ang le  (a t  a cons t an t  1°/sec rate) so  t h a t  t h e  p i l o t  would 
no t  be required to hold t h e  column forward during descent .  The decoupled con- 
t rol ler  required t h a t  t h e  a i r p l a n e  p i t c h  angle ,  p i t c h  rate, angle  of attack, 
and forward ve loc i ty  be cont inuously measured. 

The feedback ga in  mat r ix  H and p r e f i l t e r  ga in  mat r ix  G result i n  
t h e  a i r c r a f f i  con t ro l  elements ( t h r o t t l e  6 ~ ,  e l eva to r  6e, and symmetric 
s p o i l e r s  bSp) moving to produce s t e a d y s t a t e  decoupled c o n t r o l  of f l i g h t -  
path angle ,  p i t c h  angle ,  and forward v e l o c i t y  as commanded by t h e  pilot .  The 
m o s t  v e r s a t i l e  means f o r  ob ta in ing  G and H would be t h e  u s e  of an onboard 
canputer to f i n d  t h e  time-varying adapt ive  gains.  H o w e v e r ,  t h e  s impl i f i ed  
approach used i n  r e fe rence  3 w a s  a lso used i n  t h e  p r e s e n t  i nves t iga t ion  where 
t h e  use of t h e  controller w a s  r e s t r i c t e d  to the  approach and landing  phase of 
operat ions.  Consequently, cons t an t  p r e f i l t e r  and feedback ga ins  ( ca l cu la t ed  
f o r  t h e  condi t ions  i n  t a b l e  11) could be used so t h a t  onboard canputat ion 
would n o t  be necessary  when t h e  system w a s  used on an  a c t u a l  a i rp lane .  The 
decoupled long i tud ina l  c o n t r o l  law is developed i n  appendix A. 

SIMULATION EQUIPMENT 

The d ig i t a l - canpu te r  program used i n  t h e  p re sen t  s imula t ion  employed non- 
l i n e a r  equat ions of motion f o r  s i x  rigid-body degrees of freedom and a n  i t e r a -  
t i o n  rate of 32 per second. The d a t a ,  which are airframe-manufacturer propri-  
e t a r y ,  i nc lude  engine and actuator dynamics and a nonl inear  aerodynamic 
r ep resen ta t ion  of t h e  a i r p l a n e  up to  t h e  region of s ta l l .  The t ransport- type 
cockp i t  ( f ig .  2) w a s  flown from t h e  l e f t  seat and w a s  equipped with convent ional  
f l i g h t  and e n g i n e t h r u s t  con t ro l  devices .  The s imulator  con t ro l  f o r c e s  were 
r ep resen ta t ive  of c u r r e n t  medium j e t - t r a n s p o r t  a ip l anes  and were provided by 
a hydraul ic  servosystem as func t ions  of con t ro l  displacement and rate. The 
f l igh t - ins t rument  d i s p l a y  w a s  also r e p r e s e n t a t i v e  of c u r r e n t  t r a n s p o r t  a i r -  
p lanes  cons i s t ing  of an electromechanical  a t t i t u d e - d i r e c t i o n  ind ica to r  includ- 
ing  g l i d e s l o p e  error, a ver t ica l - speed  ind ica to r ,  a ho r i zon ta l - s i t ua t ion  
ind ica to r ,  an  altimeter, an a i r speed  i n d i c a t o r ,  meters f o r  ang le s  of attack and 
s i d e s l i p ,  and a turn  and bank ind ica to r .  The f l i g h t  d i r e c t o r  is descr ibed i n  
d e t a i l  i n  re ference  6. N o  d i s p l a y  of f l i g h t - p a t h  angle  was included i n  t h e  
f l igh t - ins t rument  d i sp l ay ,  and t h e  p i lo t s  were i n s t r u c t e d  to u s e  t h e  ins t ru-  
mentation as they  would i n  normal ope ra t ions  whether conventional c o n t r o l s  or 
decoupled c o n t r o l s  were used. 

The v i sua l  c u e s  fo r  f l a r e  and landing  were obta ined  by means of a 
675-scan-line color t e l e v i s i o n  camera t h a t  moved over  a terrain model ( f ig .  3) 
i n  response to the  s ix -degreeo f - f  reedom nonl inear  equat ions  of motion repre- 
s e n t i n g  t h e  airplane. The v i s u a l  d i s p l a y  w a s  presented to t h e  p i l o t  through 
a t e l e v i s i o n  monitor and co l l ima t ing  l e n s  system mounted i n  t h e  pi lot ' s  
windshield.  
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The wind-hazard d a t a  used i n  t h i s  s tudy  were produced f o r  t h e  Federa l  
Avia t ion  Adminis t ra t ion (FAA) by S tan fo rd  Research I n s t i t u t e  as one of t h e  
t a s k s  i n  t h e i r  Wind Hazard Def in i t i on  Study and are b r i e f l y  descr ibed  i n  
re ference  7. Each wind p r o f i l e  is canposed of three-axis  mean wind speci- 
f i c a t i o n s  and Dryden turbulence  spec i f i ca t ions .  A l l  s p e c i f i c a t i o n s  are 
modeled i n  t h e  simulator by means of a t a b l e  lookup given as a func t ion  of 
both a l t i t u d e  and range from t h e  runway threshold .  
(denoted B2, B3, B6, B7, D3, and D10) were chosen from reference  7 to be used 
i n  t h e  p r e s e n t  s imula t ion  study. P r o f i l e s  B2 and B3 ( f ig s .  4 and 5) were 
r e p r e s e n t a t i v e  of low- in tens i ty  wind s h e a r s  and had l i t t l e  turbulence.  
t a b l e  111.) P r o f i l e s  B6 and B7 ( f ig s .  6 and 7) were r e p r e s e n t a t i v e  of mod- 
erate wind shears .  I n  add i t ion ,  B7 included turbulence  ( t a b l e  IV) with 
v e r t i c a l  rms gus t  i n t e n s i t i e s  up to  8 knots. Two very  severe  wind s h e a r s  
( f i g s .  8 and 9)  which also inc lude  t h e  turbulence  shown i n  t a b l e  N were also 
simulated.  These t w o  shea r s  are denoted D3 and D10, and t h e  l a t t e r  is a recon- 
s t r u c t i o n  of t h e  wind shear  t h a t  w a s  p re sen t  a t  t h e  Eas t e rn  A i r l i n e s  c ra sh  a t  
t h e  John F. Kennedy I n t e r n a t i o n a l  A i rpo r t  i n  1975. 

S i x  wind-shear p r o f i l e s  

(See 

TEST PROGRAM 

T h r e e  research  p i l o t s  were requi red  to perform s i x  f l i g h t s  i n  each wind 
condi t ion  ( l i g h t ,  moderate, and severe)  wi th  each c o n t r o l  system. Each 
research  p i lo t  was q u a l i f i e d  to f l y  t h e  B-737 a i r p l a n e ,  and t h e  combinations 
of wind shear  and con t ro l  conf igura t ion  were randomized (ref. 8) through t h e  
u s e  of a l a t i n  square.  The p i l o t ' s  t a s k  w a s  to assume command of t h e  a i r p l a n e  
i n  l e v e l  f l i g h t  and use t h e  f l i g h t - d i r e c t o r  command bars and glide-slope-error 
i nd ica to r  to capture and maintain t h e  l o c a l i z e r  and g l i d e  slope under IFR con- 
d i t i o n s .  The f l i g h t s  were i n i t i a t e d  a t  an  a l t i t u d e  of 457 m, with t h e  a i r p l a n e  
i n i t i a l l y  b e l o w  t h e  g l i d e  slope. When t h e  decoupled c o n t r o l  system w a s  used, 
t h e  p i t c h  a t t i t u d e  was nominally set a t  3O to  keep t h e  nose wheel o f f  t h e  
ground a t  touchdown. The commanded speed was set a t  122  knots  ( t h e  desired 
touchdown speed) s h o r t l y  a f t e r  f l i g h t  i n i t i a t i o n  by moving t h e  t h r o t t l e  l e v e r  
t o  a r e fe rence  mark. The decoupled con t ro l  system then attempted to maintain 
t h e  commanded p i t c h  a t t i t u d e  and speed as t h e  f l i g h t  progressed without f u r -  
t h e r  p i lot  a t t e n t i o n .  When t h e  a i r p l a n e  in t e rcep ted  t h e  ILS beam, t h e  p i lo t s  
trimmed t h e  a i r p l a n e  on to  t h e  des i r ed  3O descent  pa th  by using t h e  trim but ton  
on t h e  c o n t r o l  yoke.  Depressing t h e  t r i m  but ton caused t h e  commanded f l i g h t -  
pa th  angle  to change a t  a cons tan t  rate (l0/sec) and, with p r a c t i c e ,  permi t ted  
f a i r l y  accu ra t e  a t ta inment  of t h e  3O descent  path.  The p i l o t s  then used t h e  
column to make any changes i n  f l i gh t -pa th  ang le  t h a t  became necessary due t o  
wind condi t ions.  The p i l o t s  used on ly  convent ional  ins t rumenta t ion  dur ing  t h i s  
s tudy even though they  bel ieved t h a t  t h e i r  performance would have been enhanced 
i f  a d i s p l a y  of commanded f l i gh t -pa th  angle  had been included. A t  an  a l t i t u d e  
of 61 m, t h e  pi lot  was to v i s u a l l y  acqui re  t h e  runway and l and  nominally 305 m 
down t h e  runway from threshold.  When convent ional  B-737 c o n t r o l s  were used, 
t h e  pi lots  normally attempted to  maintain t h e  i n i t i a l  130-knot a i r speed  u n t i l  
j u s t  before  touchdown. 
vent ional  c o n t r o l  system on a s ta t is t ical  b a s i s  during t h e  landing  approach. 
The touchdown performance is measured a g a i n s t  s tandards  presented i n  r e fe r -  
ence 9 .  P i l o t  r a t i n g s  are also used to canpare t h e  c o n t r o l  systems. 

The decoupled con t ro l  system is compared wi th  t h e  con- 
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FIESULTS AND DISCUSSION 

Typica l  t i m e  h i s t o r i e s  i l l u s t r a t i n g  t h e  use of decoupled c o n t r o l s  and con- 
v e n t i o n a l  c o n t r o l s  under t h e  in f luence  of l i g h t  and severe wind s h e a r s  are pre- 
s e n t e d  f o r  r e fe rence  i n  f i g u r e s  1 0  to 13. The t i m e  h i s t o r y  of a t y p i c a l  f l i g h t  
us ing  decoupled c o n t r o l s  i n  l i g h t  wind shear B3 is presented i n  f i g u r e  10 w i t h  
pi lot  C a t  t h e  con t ro l s .  The c o n t r o l  c h a r a c t e r i s t i c s  of t h e  decoupled system 
can  be seen du r ing  t h e  f i r s t  part of t h i s  f l i g h t .  Eight seconds i n t o  t h e  f l i g h t ,  
t h e  p i lo t  commanded a speed reduct ion  to approximately 125 knots. The c o n t r o l  
system performed t h e  required speed reduction, wi th  no r e s u l t i n g  change i n  p i t c h  
angle  and only  a s m a l l  change i n  f l i g h t - p a t h  angle.  Seve ra l  s m a l l  commanded 
changes i n  f l i g h t - p a t h  a n g l e  were made beginning a t  2 sec as t h e  p i lo t  attempted 
to cap tu re  t h e  g l i d e  slope. The response of t h e  system to commanded f l i gh t -pa th -  
a n g l e  changes can, however, be better seen from t h e  more i s o l a t e d  input ,  approxi- 
mately 48 sec i n t o  t h e  run. The commanded f l i g h t - p a t k a n g l e  change w a s  accom- 
p l i shed  wi th  almost no change i n  p i t c h  a t t i t u d e  and approximately a 1-knot 
reduct ion  i n  airspeed. The pi lot  tracked t h e  g l i d e  slope (GSE i n  f i g .  10) very 
c l o s e l y  u n t i l  j u s t  before  l and ing  some 550 m down t h e  runway wi th  a s i n k  ra te  
of 0.90 rrc/sec. The t i m e  h i s t o r y  of a t y p i c a l  f l i g h t  using conventional c o n t r o l s  
i n  wind shear B3 is presented  i n  f i g u r e  11. I n  t h i s  l i g h t  wind shear,  t h e r e  
w a s  l i t t l e  d i f f e r e n c e  between t h e  performance with t h e  t w o  c o n t r o l  systems. 
The o n l y  parameter t h a t  d i f f e r e d  very  much was indica ted  a i r speed  IAS, which 
t h e  p i l o t  allowed to  reach 145 knots before reducing t h r u s t  when convent iona l  
cmtrols were used. The p i l o t  w a s  a b l e  to perform a s a t i s f a c t o r y  approach and 
landed 229 m down from t h e  threshold .  

Although success fu l  approaches could  g e n e r a l l y  be made w i t h  the conven- 
t i o n a l  c o n t r o l s  i n  l i gh t - shea r  cond i t ions ,  severe  shear such as D10 precluded 
success,  as shown i n  f i g u r e  12. During t h i s  f l i g h t  wi th  t h e  convent iona l  con- 
t r o l  system, p i lo t  C f a i l e d  to  recognize t h e  s h a r p  speed r educ t ion  t h a t  occur red  
a t  a n  a l t i t u d e  of approximately 50 m u n t i l  it w a s  too late. The p i l o t  p i tched  
t h e  nose up and increased  t h r u s t ,  but t h e  a i r p l a n e  impacted 204 m s h o r t  of t h e  
runway. I t  should  be noted t h a t  p i lo t s  would normally n o t  attempt landings i n  
wind cond i t ions  g iven  by cond i t ion  D10. However, when they  attempted l and ings  
i n  t h i s  study, t hey  g e n e r a l l y  i m p a c t e d  s h o r t  of t h e  runway when convent iona l  
c o n t r o l s  were used. When l and ings  were attempted i n  t h e  same wind cond i t ions  
w i t h  t h e  decoupled c o n t r o l  system, t h e  p i lo t s  were g e n e r a l l y  a b l e  to a t t a i n  t h e  
runway, as shown i n  f i g u r e  13. On t h i s  f l i g h t ,  t h e  decoupled c o n t r o l  system 
k e p t  t h e  speed from f a l l i n g  b e l o w  112 knots  and t h e  a i r p l a n e  landed 165 m down 
from t h e  th re sho ld  wi th  a s i n k  rate of 1.75 Msec. The decoupled c o n t r o l  system 
also maintained c o n s t a n t  p i t c h  a t t i t u d e  dur ing  t h e  approach ( f ig .  13), even i n  
severe wind shear.  The spoilers and t h r u s t  occas iona l ly  reached t h e i r  l i m i t s  
dur ing  approaches i n  severe  wind shear. However, t h e  s u b j e c t s  d i d  n o t  n o t i c e  
any d i f f e r e n c e  i n  performance. 

Approach Performance 

The performance d a t a  f o r  t h e  approach phase of t h e  s tudy  ( f i g .  14) con- 
s i s t e d  of rms va lues  (from data taken  every  0.03125 sec dur ing  t h e  last 200 m 
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of a l t i t u d e )  of f l i gh t -pa th  angle ,  glide-slope error, dev ia t ion  i n  ind ica ted  
a i r speed ,  localizer error, and t h e  c o n t r o l  i npu t s  to t h e  wheel and column. The 
dev ia t ion  i n  ind ica ted  a i r speed  w a s  measured r e l a t i v e  to t h e  130-knot t r i m  
condi t ion  when conventional c o n t r o l s  were used and r e l a t i v e  to t h e  commanded 
122-knot r e fe rence  speed when decoupled c o n t r o l s  were used. The symbols shown 
i n  f i g u r e  1 4  gene ra l ly  denote t h e  mean va lues  of t h e  s i x  f l i g h t s  performed by 
each p i lo t ,  with each con t ro l  system, under each wind condi t ion.  I t  should be 
noted t h a t  t h e  means were n o t  always based uwn  s i x  f l i g h t s  when convent ional  
c o n t r o l s  were used because the re  were s e v e r a l  f l i g h t s  wi th  high s ink  rates a t  
impact i n  which data were lost  because t h e  m o d e l  p ro t ec t ion  system automati- 
c a l l y  put  t h e  computer i n  "reset" before  t h e  rms data were processed. The 
extreme case was when pilot  A used t h e  conventional c o n t r o l s  i n  severe  wind 
shear  and lost  data due to  h igh  s ink  rates on f i v e  o u t  of s i x  f l i g h t s .  
t h i s  except ion,  t h e  mean values  of t h e  f l i g h t - p a t h  ang le ,  t h e  g l i d e s l o p e  
error, and t h e  d e v i a t i o n  i n  ind ica ted  a i r speed  were improved f o r  a l l  p i l o t s  
a t  a l l  wind condi t ions  when decoupled c o n t r o l s  were used. The improvement 
due to  t h e  use of decoupled c o n t r o l s  w a s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  
95-percent l e v e l  f o r  a l l  p i lot  and wind-shear canbinat ions.  A s t a t i s t i c a l  
a n a l y s i s  is presented i n  appendix B which examines t h e  var ious pilot ,  c o n t r o l ,  
and wind i n t e r a c t i o n s  i n  detai l .  

With 

The localizer error showed no c o n s i s t e n t  e f f e c t s  due to  t h e  type of con- 
t ro l  system used, nor did t h e  con t ro l  column a c t i v i t y .  However, t h e  cont ro l -  
wheel a c t i v i t y  d id  show t h a t  t he re  w a s  more a c t i v i t y  when t h e  decoupled con- 
t ro l  system was used. The pi lots  d i d  n o t  report t h i s  i nc rease  i n  a c t i v i t y  
but  d i d  state t h a t  t h e  decoupled con t ro l  system reduced t h e  workload for t h e  
l o n g i t u d i n a l  t a s k  to  t h e  poin t  t h a t  t h e  l a te ra l  m o d e  became dominant. Thus, 
t h e  pi lots  probably spen t  more e f f o r t  c o n t r o l l i n g  t h e  l a t e r a l  mode when 
decoupled c o n t r o l s  were used f o r  t h e  l o n g i t u d i n a l  m o d e .  

The performance wi th  t h e  t w o  c o n t r o l  systems is g raph ica l ly  demonstrated 
by t h e  approach p r o f i l e s  f o r  p i l o t  B i n  f i g u r e s  15, 16, and 1 7  f o r  l i g h t ,  
moderate, and severe wind shears ,  respec t ive ly .  The approach p r o f i l e s  a r e  
presented i n  terms of a l t i t u d e  versus t i m e  from touchdown and appear steeper 
than would be t h e  case i f  presented i n  terms of a l t i t u d e  versus  range. I n  l i g h t  
and moderate s h e a r s ,  t h e  decoupled c o n t r o l  system exh ib i t ed  very c o n s i s t e n t  per- 
formance whereas t h e  convent ional  con t ro l  system resulted i n  some l a r g e  a l t i t u d e  
excursions.  I n  s e v e r e  wind shea r s ,  t he  decoupled control was n o t  capable of t h e  
degree of cons is tency  shown i n  t h e  lesser shears .  However, p i lo t  B was a b l e  to  
land  t h e  a i r p l a n e  wi th  decoupled con t ro l s  b u t  impacted s h o r t  of t h e  runway on 
four o u t  of s i x  runs with conventional cont ro ls .  Although the  severe wind shea r s  
were so extreme t h a t  l and ings  would no t  normally be attempted, t h e  p i lo t s  d id  
so during t h e  s imulat ion,  and t h e  touchdown performance is included. 

Touchdown Pe r f o rmance 

The dominant fact a s soc ia t ed  with t h e  touchdown performance was t h a t  t h e  
pi lots  of ten  f a i l e d  to reach t h e  runway when conventional controls were used. 
(See f i g .  18.) The p i lo t s  impacted s h o r t  of t h e  runway wi th  h igh  s ink  rates 
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almost 50 percent  of t h e  t i m e  (24  t i m e s  i n  54 a t tempts )  with convent iona l  con- 
trols.  As previous ly  mentioned, 11 of t h e  runs t h a t  impacted with high s ink  
rates r e s u l t e d  i n  lost data because t h e  model p r o t e c t i o n  system au tomat i ca l ly  
p u t  t he  computer i n  reset  before t h e  d a t a  were p r i n t e d  o u t .  By comparison, 
t h e  p i l o t s  landed s h o r t  of t h e  runway only  once ( f i g .  1 8 ( c ) )  when decoupled 
c o n t r o l s  were used, and t h a t  w a s  by 1 6  m with a 1 .8  m/sec s ink  rate.  

The mean touchdown performance is summarized i n  f i g u r e  19. The touchdown 
performance parameters examined during t h i s  i n v e s t i g a t i o n  were l o n g i t u d i n a l  and 
la teral  pos i t i on ;  p i t c h  ang le  and bank angle;  and s ink  ra te ,  forward ve loc i ty ,  
and l a t e ra l  ve loc i ty .  Lateral v e l o c i t y  was n o t  presented  because of a problem 
wi th  t h e  d a t a  a t  touchdown f o r  t h a t  parameter. The l i m i t s  shown i n  f i g u r e  19 
r e f l e c t  Category I1 requirements d i scussed  i n  re ference  9. The mean va lues  of 
a l l  s i x  performance parameters were g e n e r a l l y  w e l l  w i th in  t h e s e  l i m i t s  for a l l  
pilots under a l l  wind condi t ions  when decoupled c o n t r o l s  were used. 

The convent ional  c o n t r o l  system d i d  n o t  y i e l d  such c o n s i s t e n t  results. 
A l l  t h r e e  pi lots  had a t  least  one touchdown parameter t h a t  was o u t s i d e  t h e  
l i m i t s  when convent ional  c o n t r o l s  were used  i n  severe winds. The mean range 
of p i lo t s  A and B a t  touchdown w a s  s h o r t  of t h e  runway ( f ig .  19 )  when conven- 
t i o n a l  c o n t r o l s  were used i n  severe wind shear.  Although p i lo t  C landed on t h e  
runway an average of 170 m down from threshold  with convent ional  con t ro l s ,  he 
g e n e r a l l y  landed hard,  wi th  a mean s ink  rate of 3.2 m/sec i n  severe winds. I n  
add i t ion ,  p i l o t  C landed on t h e  nose wheel a t  a mean p i t c h  a l t i t u d e  of -.3O i n  
severe  winds wi th  convent ional  con t ro l s .  Although t h e  major d i f f e r e n c e s  
between t h e  t w o  c o n t r o l  systems occurred under severe  wind cond i t ions ,  t h e r e  
are s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  a t  t h e  95-percent confidence l e v e l  
i n  l i g h t  and moderate winds, as d iscussed  i n  appendix C. 

P i  l o t  Opinion 

I n  responding to a ques t ionnai re ,  p i l o t s  B and C stated t h a t  t h e  decoupled 
c o n t r o l  system improved c o n t r o l  dur ing  t h e  approach i n  a l l  l e v e l s  of wind shear  
and also improved performance during f l a r e  and touchdown. They bel ieved t h a t  
t h e  p i l o t  workload w a s  r e l i eved  and r a t ed  t h e  t a s k  wi th  t h e  decoupled c o n t r o l  
system a t  a p i l o t  r a t i n g  ( t a b l e  V) of 1 to 3 increments better, depending 
on t h e  wind condi t ions ,  than  when convent ional  c o n t r o l s  were used. Of t h e  
3-increment improvement i n  severe  wind shear ,  p i lo t  C stated t h a t  1 po in t  of 
improvement was due to t h e  a u t o t h r o t t l e  aspects of t h e  decoupled c o n t r o l s  and 
2 po in t s  were due to decoupl ing i t s e l f .  Typical  p i l o t  r a t i n g s  wi th  conven- 
t i o n a l  c o n t r o l s  i n  l i g h t  wind shear  were 4 to 5, and i n  severe  wind shea r  they  
were 7 to 9. P i l o t  A s t a t e d  t h a t  he  l i ked  t h e  decoupled c o n t r o l  system b u t  d i d  
n o t  r e t u r n  t h e  p i lo t  ques t ionnai re .  A l l  t h r e e  p i lo t s  bel ieved t h a t  t h e i r  per- 
formance wi th  decoupled c o n t r o l s  w a s  hampered by t h e  l a c k  of a d i s p l a y  of com- 
manded f l i g h t - p a t h  angle .  The p i lo t s  s t a t e d  t h a t  t h e  severe s h e a r s  and turbu- 
l e n c e  were much more seve re  than  anything they  had experienced o p e r a t i o n a l l y  
but t h a t  t h e  results would n o t  be apprec iab ly  a l t e r e d  i f  a less severe  repre- 
s e n t a t i o n  had been used. 
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Supplementary I n v e s t i g a t i o n  

E f f e c t  of sensor  errors.- The results of  t h i s  i n v e s t i g a t i o n  were obta ined  
assuming t h a t  t he r?  were no sensor errors i n  t h e  measurements of t h e  s ta te  var i -  
a b l e s  (i.e., 0 ,  8, a, and u)  requi red  for feedback c o n t r o l  and t h a t  t h e  sta- 
b i l i t y  and c o n t r o l  c o e f f i c i e n t s  were known p e r f e c t l y .  Reference 10  has shown 
t h a t  t h e  e f f e c t s  on t h e  decoupling process  of  r e l a t i v e l y  l a r g e  errors i n  t h e s e  
q u a n t i t i e s  are g e n e r a l l y  minor i n  nature .  
istic, p i l o t  A performed 14 landings,  7 with  p e r f e c t  sensors ,  and 7 with  a 
20-percent error i n  t h e  measurement of each state va r i ab le .  I n  each case, 
t h r e e  runs  were performed i n  l i g h t  wind shea r ,  two i n  moderate wind shear ,  and 
two i n  severe  wind shear .  The p i lo t  could n o t  detect t h e  e f f e c t  of t h e  sensor  
errors, and none of t h e  approach parameters or touchdown parameters were s i g n i f -  
i c a n t l y  d i f f e r e n t  s t a t i s t i c a l l y .  O f  a l l  t h e  parameters, t h e  dev ia t ion  i n  indi-  
cated airspeed during approach came closest to showing a s t a t i s t i c a l l y  s i g n i f -  
i c a n t  d i f f e r e n c e ,  wi th  a n  F value of 1.44 compared wi th  a critical F value 
of 4.75 f o r  a 5-percent s i g n i f i c a n c e  (95-percent confidence)  level. 

I n  order to demonstrate t h i s  charac- 

S t a l l  avoidance.- When t h e  s p o i l e r s  are set a t  go w i t h  40° f l a p s ,  t h e  
s t a l l  speed was computed to  be approximately 2.5 knots  g r e a t e r  than  t h a t  of t h e  
normal B-737 l anding  conf igura t ion .  I n  add i t ion ,  t h e  decoupled c o n t r o l  system 
was se t  to maintain t h e  a i r p l a n e  a t  a p i t c h  a t t i t u d e  of 3O throughout t h e  
approach and landing.  As a r e s u l t ,  t h e  ang le  of at tack was 6O i n  s t i l l  a i r  
( f ig .  10) during a 3O approach using t h e  decoupled c o n t r o l  system, and t h e  
ang le  of at tack w a s  3O or less ( f ig .  11) w i t h  convent ional  cont ro ls .  It  would 
appear t h a t  t h e  decoupled c o n t r o l  system might be more prone to  s t a l l i n g  i n  
severe  wind-shear cond i t ions  than  t h e  convent ional  c o n t r o l  system. Conse- 
quent ly ,  t h e  maximum ang le  of attack experienced during each of t h e  54 runs  
made wi th  decoupled c o n t r o l s  w a s  examined r e l a t i v e  to t h a t  experienced dur ing  
54 r u n s  made with convent ional  cont ro ls .  (See table  VI . )  The a n a l y s i s  of 
var iance  ind ica t ed  t h a t  t he re  w a s  no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  
maximum ang le  of attack between decoupled and convent ional  con t ro l s .  H o w e v e r ,  
t h e  decoupled c o n t r o l  system a c t u a l l y  reduced t h e  maximum ang le  of attack 
during seve re  wind shears .  The average maximum a n g l e  of attack exceeded 15.5O 
(buf fe t  onse t )  for t w o  of t h e  t h r e e  p i lo t s  i n  severe  winds when convent ional  
c o n t r o l s  were used, bu t  was less than 12.5O f o r  a l l  t h r e e  p i l o t s  when decoupled 
c o n t r o l s  were used. (See table V I . )  As prev ious ly  noted, t h e  p i l o t s  impacted 
s h o r t  of t h e  runway s e v e r a l  times when convent ional  c o n t r o l s  were used. 
severe  wind shear ,  t h e  loss of con t ro l  when convent ional  c o n t r o l s  were used w a s  
gene ra l ly  t h e  r e s u l t  of s t a l l i n g  t h e  aircraft. 

I n  

CONCLUDING KEMARKS 

A fixed-base s imula t ion  s tudy has been conducted to eva lua te  t h e  use of 
decoupled l o n g i t u d i n a l  c o n t r o l s  as a means for improving p i l o t  performance 
during approach and landing  of a t y p i c a l  twin-engine j e t  t r a n s p o r t  (Boeing 737) 
i n  t h e  presence of wind shear.  The r e s u l t i n g  decoupled con t ro l  system employed 
t h e  t h r o t t l e ,  t h e  e l eva to r s ,  and the  symmetric spoilers as  a c t i v e  c o n t r o l  
elements to provide  s teady-s ta te  decoupling of f l i g h t - p a t h  angle ,  p i t c h  angle ,  
and forward ve loc i ty .  
phase of ope ra t ions  permitted t h e  use of cons t an t  prefil ter  and feedback ga ins  

R e s t r i c t i n g  t h e  c o n t r o l l e r  to t h e  approach and l and ing  

12 



i n  t h e  decoupled c o n t r o l  mechanization and, i n  an  a c t u a l  a i rp l ane  app l i ca t ion ,  
would avoid t h e  need f o r  onboard canputation. The p i l o t i n g  t a s k  w a s  to  use  a 
convent ional  localizer and f l i g h t  d i r e c t o r  to capture  and maintain a 3O g l i d e  
slope u n t i l  breakout a t  61-m a l t i t u d e  i n  t h e  presence of  wind shear ,  and land  
305 m from t h e  th re sho ld  by using a v i s u a l  landing d i s p l a y  generated by closed- 
c i r c u i t  t e l e v i s i o n .  

R e s u l t s  from t h i s  s tudy  ind ica t ed  t h e  following: 

1 .  The use of t h e  decoupled long i tud ina l  c o n t r o l  system improved perfor-  
mance during landing  approaches over  a range of wind-shear condi t ions .  Longi- 
t u d i n a l  approach parameters t h a t  showed an improvement included f l igh t -pa th  
angle ,  glide-slope error, and dev ia t ion  i n  ind ica ted  airspeed.  There w a s  con- 
s i d e r a b l e  v a r i a b i l i t y  of performance between pi lots  a t  t he  d i f f e r e n t  wind con- 
d i t i o n s .  The improvement due to t h e  u s e  of t h e  decoupled c o n t r o l  system w a s  
no t  s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  a l l  p i lot  and wind canbinat ions.  

2. The u s e  of decoupled c o n t r o l s  enabled t h e  p i l o t s  to s u c c e s s f u l l y  com- 
p l e t e  landings  i n  t h e  presence of severe  wind shear .  
54 a t t empt s  touched down s h o r t  of t h e  runway when decoupled c o n t r o l s  were used, 
although almost 50 percent  of t h e  a t tempts  made with conventional con t ro l s  were 
s h o r t  of t h e  runway. I n  add i t ion ,  t h e  use  of decoupled c o n t r o l s  improved t h e  
average s i n k  r a t e ,  forward ve loc i ty ,  and p i t c h  a t t i t u d e  a t  touchdown. H o w e v e r ,  
t he re  w a s  cons iderable  v a r i a b i l i t y  i n  touchdown performance between pi lots  a t  
the  d i f f e r e n t  wind condi t ions.  

Only one f l i g h t  o u t  of 

3. The p i l o t s  s t a t e d  t h a t  t h e  decoupled con t ro l  system improved perfor-  
mance and reduced workload i n  t h e  long i tud ina l  c o n t r o l  mode i n  a l l  wind-shear 
condi t ions ,  and they r a t ed  t h e  t a s k  1 to 3 increments b e t t e r  on a p i l o t - r a t i n g  
scale, depending on wind cond i t ions ,  than  when conventional c o n t r o l s  were used. 

4. The in t roduct ion  of 20-percent error i n  t h e  measurement of p i t c h  angle ,  
p i t c h  r a t e ,  angle  of a t t ack ,  and forward ve loc i ty  requi red  f o r  feedback c o n t r o l  
was n o t  de tec ted  by t h e  p i l o t  and had no e f f e c t  on approach or landing 
pe r f o rmanc e. 

Langley Research Center  
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
August 2, 1979 
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APPENDIX A 

DECOUPLED L a G I T U D I N A L  CONTROLS 

The t h r e e  l o n g i t u d i n a l  equat ions  of motion were l i n e a r i z e d  as pe r tu rba t ions  
about  an equ i l ib r ium condi t ion  i n  equat ion  (1-59) of re ference  1 1 .  These t h r e e  
equat ions  can be nondimensionalized wi th  respect to t i m e  using 

and, neg lec t ing  (2% and Cz , solved s imultaneously to g ive  
9 
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The terms Q& and Czq given i n  re ference  1 1  were neglected.  Also, 

s i n  0 was assumed to equal  0 and cos 0 to equal  1 (0 is t h e  ang le  between 
t h e  horizon and X equi l ibr ium a x i s ) .  

The primed parameters are pe r tu rba t ions  from t h e  equi l ibr ium or t r i m  con- 
d i t i o n s  of t h e  airplane i n  nondimensional f o r m ;  t h a t  is, 

e ' =  e -  eo 
w - wo 

and where 

PSC 

The m a s s  and dimensional c h a r a c t e r i s t i c s  of t he  simulated a i r p l a n e  are 
presented i n  t a b l e s  I and 11. 
l i n e a r i z e d  l o n g i t u d i n a l  equat ions  of motion corresponding to an angle  of at tack 
of 4O, a forward v e l o c i t y  of 125 knots,  and a t h r u s t  c o e f f i c i e n t  of 0.1735. 

Constant c o e f f i c i e n t s  were employed i n  t h e  

The l i n e a r i z e d  l o n g i t u d i n a l  equat ions  of motion can be w r i t t e n  i n  s t a t e  
vector no ta t ion  as 

-P + + 
x = A x + B u  

where t h e  s ta te  vector  is 
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and t h e  c o n t r o l  vec tor  is 

The gene ra l  c o n t r o l  l a w  is given as 

-+ -+ -+ 
u = -Hx + G r  

+ 
where r is t h e  vec tor  of commanded p i l o t  i n p u t s  Yc, uc, and ec  t h a t  are 
to be c o n t r o l l e d  i n  a decoupled manner. The o u t p u t  equat ion  is 

-+ -+ 
y = c x  

When equat ion  (A1 3) is s u b s t i t u t e d  i n t o  equat ion  (A101 , t h e  Laplace t rans-  
form of t h e  r e s u l t  can  be w r i t t e n  as 

-b -+ 
x ( s )  = (SI - A + BH)'lBGr ( s )  (A1 5) 

S u b s t i t u t i n g  t h e  Laplace transform of equat ion  (A1 4 )  i n t o  equat ion  (A1 5) 
-+ -t 

and r equ i r ing  t h a t  t h e  o u t p u t  y ( s )  be e q u a l  to t h e  commanded p i lo t  inpu t  r ( s )  
under s t eady- s t a t e  cond i t ions  r e s u l t s  i n  t h e  p r e f i l t e r  g a i n  

Having obtained t h e  p r e f i l t e r  g a i n  ma t r ix  G r equ i r ed  for decoupled 
s t eady- s t a t e  c o n t r o l ,  it is desirable to o b t a i n  t h e  c o n t r o l  t h a t  w i l l  reach 
t h a t  cond i t ion  as e f f i c i e n t l y  as poss ib le .  Consequently, modern c o n t r o l  t heo ry  
was employed to o b t a i n  t h e  feedback ga in  ma t r ix  H. 

-+ 
For a given cons t an t -p i lo t  i npu t  r ,  t h e r e  is an  associated equilibrium 

3 
state  xe t h a t  is reached i n  t h e  s t eady- s t a t e  case; t h a t  is, 

--+ -+ 
0 = (A - BH)xe + BGr 

16 
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which, s i n c e  it is zero, can be sub t r ac t ed  from t h e  closed-loop equat ions of 
motion, 

h + + ---t 
x = (A - BH)x + BGr - F A  - BH)xe + BG:] 

A + 
where x is t h e  d i f f e r e n c e  between t h e  instantaneous s ta te  x and t h e  new 

equi l ibr ium state xe. Equation (A1 8 )  is, t h e r e f o r e ,  
3 

A h 

x = ( A  - BH)x 

which can  be w r i t t e n  as 

h h A 

x = Ax + Bu 

whe re 
A A 

u = -Hx 

+ 
which is t h e  d i f f e r e n c e  between t h e  ins tan taneous  con t ro l  vector u and t h e  
p i lo t - con t ro l  input  a s soc ia t ed  wi th  t h e  new equi l ibr ium s ta te .  The perfor- 
mance index 

and equat ion  (A201 c o n s t i t u t e  t h e  f a m i l i a r  s t a t e - r egu la to r  problem wi th  ,qua- 

d r i c  performance index f o r  which t h e  opt imal  c o n t r o l  u* ( r e f .  1 2 )  is 
A 

where P is the  s o l u t i o n  to t h e  t i m e  i n v a r i a n t  mat r ix  R i c c a t i  equat ion  

PA + ATP - PBR-~BTP + Q = o (A241 

The particular s o l u t i o n  for t h e  Riccati  equat ion  is based on t h e  i t e r a t i v e  
approach taken i n  reference 13. 
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A A 

Equating t h e  g e n e r a l  c o n t r o l  u to  t h e  optimal c o n t r o l  u* p e r m i t s  t h e  
s o l u t i o n  for t h e  remaining unknown ga in  ma t r ix  

The feedback g a i n  H is optimal f o r  a given set o f  weighting matrices Q 
and R i n  t h e  performance index (eq. (A22) 1 .  The off-diagonal terms i n  t h e s e  
weighting matrices were zero,  whereas t h e  d iagonal  terms were va r i ed  as a 
func t ion  of p i lo t  opin ion  e a r l y  i n  t h e  simulation. The f i n a l  va lues  which 
were used i n  t h i s  s tudy  were 

and 

0 0 

0.01 0 

0 0.02 

0 0 

0 0 

0.1 0 

0 0.01 

0 0 

0 

0 

0 

0.5 
- 

0 

0 

0 

0.01 - 

The r e s u l t i n g  p r e f i l t e r  and feedback gain matrices were 

1 3.9304 9.6802 8.0530 

1.5967 -1.8829 

3.8552 11.6078 J 

and 
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1.1336 16.9936 0.606 5.4089 

-31.1558 0.61 22 0.6983 

3.3400 42.751 7 0.8662 -0.61 891 

These matrices were mnver  ted to  t h e  appropriate dimensions and implemented 

through t h e  genera l  c o n t r o l  l a w  u = -Hx + Gr using t h e  six-degree-of-freedom 
nonl inear  equat ions  s imula t ing  t h e  B-737. 

- + + 
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STATISTICAL ANALYSIS OF APPROACH PERFORMANCE 

An anays i s  of var iance  ANOV ( r e f s .  8 and 1 4 )  was performed on each 
approach performance parameter to determine whether any of t h e  experimental  
f a c t o r s  ( p i l o t s ,  wind shears ,  or c o n t r o l  systems) or t h e i r  i n t e r a c t i o n s  were 
s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  95-percent confidence (5-percent s i g n i f i c a n c e )  
l e v e l  or g r e a t e r .  That is, t h e  a n a l y s i s  was to determine whether t h e  p r o b  
a b i l i t y  of two sample means being from d i f f e r e n t  populat ions when they  were 
a c t u a l l y  from t h e  same popula t ion  w a s  less than  5 percent .  The ANOV ( table  V I I )  
showed t h a t  t h e  type  of c o n t r o l  was s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t he  99-percent 
confidence l e v e l  for f l i gh t -pa th  angle ,  glide-slope error, dev ia t ion  i n  indi-  
cated airspeed, and wheel a c t i v i t y .  Wind condi t ions  were a s t a t i s t i c a l l y  s i g -  
n i f i c a n t  f a c t o r  a t  t h e  95-percent confidence l e v e l  or g r e a t e r  for a l l  t h e  
approach parameters. The e f f e c t  of p i l o t s  was s t a t i s t i c a l l y  s i g n i f i c a n t  a t  
t h e  95-percent confidence l e v e l  for t h e  c o n t r o l  wheel and column inpu t s  and 
also for gl ide-s lope error. The i n t e r a c t i o n  effects between pilots and con- 
t ro l s  were s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  95-percent confidence l e v e l  or 
g rea t e r  for gl ide-s lope error and wheel a c t i v i t y .  I n  a d d i t i o n ,  t h e  winds 
i n t e r a c t e d  wi th  t h e  c o n t r o l s  a t  t h e  99-percent confidence l e v e l  for f l i g h t -  
path angle  and dev ia t ion  i n  ind ica t ed  airspeed.  

I n  t h i s  experiment,  t he re  were t w o  or more levels  f o r  each experimental  
factor. The t w o  l e v e l s  of the  c o n t r o l s  were convent ional  c o n t r o l s  and 
decoupled con t ro l s :  t h e  t h r e e  p i l o t  l e v e l s  were p i l o t s  A ,  B, and C: and t h e  
t h r e e  wind l e v e l s  were l i g h t ,  moderate, and severe .  Because t h e  ANOV showed 
each f a c t o r  to be s t a t i s t i c a l l y  s i g n i f i c a n t ,  f u r t h e r  t e s t i n g  was necessary  to 
determine a t  which l e v e l s  of each factor t h e  means were s i g n i f i c a n t l y  d i f -  
f e r e n t .  I t  should be noted t h a t  t h e  standard error used i n  t e s t i n g  t h e  p i l o t  
and wind l e v e l s  included only  t h a t  data a s soc ia t ed  with t h e  particular c o n t r o l  
system being considered r a t h e r  than  data pooled f o r  both con t ro l  systems. The 
r e s u l t s  of l e v e l  t e s t i n g  are presented i n  tables V I 1 1  and I X ,  along with t h e  
mean and s tandard  dev ia t ion ,  f o r  convent ional  c o n t r o l s  and decoupled con t ro l s ,  
respec t ive ly .  When t h e  t-test was appl ied  to  winds, t h e  l i g h t  shear  condi t ion  
was t h e  r e fe rence  a g a i n s t  which t h e  o t h e r  winds were tested, as is ind ica t ed  
i n  tables V I 1 1  and I X .  I n  a l i k e  manner, convent ional  c o n t r o l s  were chosen as 
t h e  r e fe rence  ( t a b l e  V I I I )  when t h e  t-test was appl ied  to con t ro l s .  

The Duncan m u l t i p l e  range (DMR) test w a s  performed to determine which 
p i lo t ' s  performance d i f f e r e d  s i g n i f i c a n t l y  from t h e  o the r s .  For example, 
G C o l m n  
I n  t h e  case of l i g h t  wind shears ,  t h e  DMR test ind ica ted  (table V I I I )  t h a t  t h e  
d i f f e r e n c e  between t h e  performance of p i l o t s  A and B w a s  n o t  s t a t i s t i c a l l y  s ig -  
n i f i c a n t  nor w a s  t h e  d i f f e r e n c e  between p i lo t s  B and C. However, t h e  d i f f e r e n c e  
between t h e  performance of pilots A and C w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t he .  
95-percent confidence l e v e l .  The s i x  approach performance parameters  are dis- 
cussed i n  t h e  fol lowing paragraphs. 

with convent ional  con t ro l s  ( table  V I I I )  had a s i g n i f i c a n t  p i l o t  e f f e c t .  
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Fl ight-Path Angle 

Decoupled c o n t r o l s  produced closer adherence to t h e  d e s i r e d  3O f l i g h t -  
pa th  ang le  for a l l  p i l o t s  and a l l  wind cond i t ions  than  convent ional  cont ro ls .  
( C a n p a r e  t a b l e s  V I 1 1  and I X . )  The improvement w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  
( t a b l e  I X )  for f i v e  ou t  of n ine  p i l o t  and wind combinations. A s  i nd ica t ed  by 
t h e  ANOV ( t a b l e  V I I ) ,  t h e  e f f e c t  of pilots w a s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  
Fl ight-path-angle  performance degraded as wind s e v e r i t y  increased.  However, 
t h e  degrada t ion  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  on ly  f o r  s eve re  wind shea r s  with 
e i t h e r  convent ional  ( t a b l e  V I I I )  or decoupled ( t a b l e  I X )  con t ro l s .  

Glide-Slope Error 

Glide-slope error w a s  reduced when decoupled c o n t r o l s  were used f o r  a l l  
pilot/wind canbina t ions  except  pilot  A i n  severe  winds, f o r  which f i v e  or s i x  
runs were lost due to t h e  model p ro tec t ion  device  when convent ional  controls 
were used. The reduct ion  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  or above t h e  
95-percent confidence l e v e l  ( table I X )  f o r  f i v e  out  of n ine  p o s s i b l e  pi lot /wind 
combinations. The degradat ion due to  wind shear  was g e n e r a l l y  s t a t i s t i c a l l y  
s i g n i f i c a n t  on ly  f o r  severe  winds. A s  ind ica ted  by t h e  DMR test, t h e  p i l o t  
e f f e c t s  were s t a t i s t i c a l l y  s i g n i f i c a n t  ( t a b l e  I X )  on ly  under seve re  wind con- 
d i t i o n s  when decoupled c o n t r o l s  were used when p i l o t  A made l a r g e r  errors than  
e i t h e r  p i l o t  B or C. 

Deviat ion i n  Ind ica t ed  Airspeed 

The dev ia t ion  i n  ind ica t ed  a i r speed  (DIAS) w a s  measured re la t ive to t h e  
130-knot t r i m  speed when convent ional  c o n t r o l s  were used and r e l a t i v e  to  t h e  
commanded 122-knot re ference  a i r speed  when decoupled c o n t r o l s  were used. The 
dev ia t ion  i n  ind ica ted  a i r speed  w a s  less wi th  decoupled c o n t r o l s  €or a l l  pilots 
and a l l  wind s h e a r s  than  w a s  t h e  case with conventional con t ro l s .  The improve- 
ment w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  95-percent confidence l e v e l  f o r  four 
o u t  of nine p i l o t  and wind canbinat ions.  (See t a b l e  I X . )  The wind e f f e c t  w a s ,  
i n  genera l ,  s t a t i s t i c a l l y  s i g n i f i c a n t  only when t h e  winds were severe. 
effects were not  s t a t i s t i c a l l y  s i g n i f i c a n t .  

P i l o t  

Loca l izer  Error 

The l o c a l i z e r  error w a s  e s s e n t i a l l y  s t a t i s t i c a l l y  unaf fec ted  by p i l o t s ,  
winds, or controls. There w a s  a wind-shear e f f e c t ,  but it w a s  s t a t i s t i c a l l y  
s i g n i f i c a n t  on ly  when pi lot  B used decoupled c o n t r o l s  i n  seve re  wind shear .  

Column Inpu t s  

The e f f e c t  of t h e  type  of c o n t r o l  on column inpu t s  w a s  n o t  s t a t i s t i c a l l y  
s i g n i f i c a n t .  There w a s  a p i lo t  e f f t c t ,  but it w a s  on ly  s t a t i s t i c a l l y  s i g n i f -  
i c a n t  when convent ional  c o n t r o l s  were used ( t a b l e  V I I I )  when pilot  C made 
smaller inpu t s  than  p i lo t  A i n  l i g h t  winds and smaller inpu t s  than  p i l o t  B i n  

21 



APPEM)IX B 

moderate winds. The wind e f f e c t s  were s t a t i s t i c a l l y  s i g n i f i c a n t  but  on ly  when 
t h e  winds became severe.  (See tables V I 1 1  and I X . )  

Wheel Inpu t s  

The decoupled c o n t r o l  system w a s  no t  d i r e c t l y  associated wi th  l a t e r a l  
c o n t r o l  m o d e .  However, t h e  p i lo t s  gene ra l ly  made l a r g e r  wheel i npu t s  when 
decoupled c o n t r o l s  were used than  when convent ional  con t ro l s  were used. A l l  
t h r e e  f a c t o r s ,  pilots,  winds, and con t ro l s ,  were s t a t i s t i c a l l y  s i g n i f i c a n t .  
However, t h e  p i l o t  e f f e c t  w a s  on ly  s t a t i s t i c a l l y  s i g n i f i c a n t  ( table I X )  a t  one 
point  (i.e., when p i l o t  A made smaller inpu t s  than  p i l o t  B when decoupled con- 
trols were used i n  seve re  winds). The con t ro l  e f f e c t s  ( t a b l e  I X )  were n o t  
s t a t i s t i c a l l y  s i g n i f i c a n t  i n  severe shears.  Larger con t ro l  i n p u t s  were made 
as t h e  winds increased.  The increased a c t i v i t y  w a s  genera l ly  s t a t i s t i c a l l y  
s i g n i f i c a n t  i n  severe  winds for both c o n t r o l  systems. (See tables V I 1 1  and I X . )  
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STATISTICAL ANALYSIS OF TOUCHDOWN PERFORMANCE 

An a n a l y s i s  of var iance  ANOV ( r e f s .  8 and 1 4 )  w a s  performed on each 
performance parameter to determine whether any of t h e  experimental  f a c t o r s  
(pilots, wind shears ,  or control systems or t h e i r  i n t e r a c t i o n s )  were statis- 
t i c a l l y  s i g n i f i c a n t  a t  t h e  95-percent confidence (5-percent s i g n i f i c a n c e )  l eve l  
or g rea t e r .  The ANOV ( t a b l e  X)  showed t h a t ,  of t h e  l o n g i t u d i n a l  parameters, 
only range from th resho ld  R a  and s i n k  rate h had no s t a t i s t i c a l l y  s i g n i f -  
i c a n t  p i lo t  e f f e c t s .  Wind-shear e f f e c t s  were s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  
forward ve loc i ty ,  p i t c h  angle ,  and range from threshold.  The ANOV also shows 
t h a t  t h e  type of c o n t r o l  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  s ink  rate, forward 
ve loc i ty ,  and p i t c h  angle.  The c o n t r o l  e f f e c t  w a s  n o t  t h e  same f o r  a l l  p i l o t s ,  
wi th  t h e  pilot/control i n t e r a c t i o n s  ( t a b l e  X)  being s t a t i s t i c a l l y  s i g n i f i c a n t  
a t  t h e  95-percent confidence level  f o r  forward v e l o c i t y  and p i t c h  angle. The 
control/wind i n t e r a c t i o n  e f f e c t s  were also s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  s i n k  
rate, p i t c h  angle,  and range from threshold.  Consequently, f u r t h e r  t e s t i n g  
w a s  performed to determine for which p i l o t s  and wind condi t ions  t h e  e f f e c t  of 
t h e  c o n t r o l  system was s t a t i s t i c a l l y  s i g n i f i c a n t .  The r e s u l t s  are presented ,  
a long with t h e  mean and s tandard  devia t ion ,  i n  t a b l e s  X I  and X I 1  f o r  conven- 
t i o n a l  c o n t r o l s  and decoupled con t ro l s ,  r e spec t ive ly .  As previous ly  mentioned 
i n  appendix B, t h e  l i g h t  wind shear  w a s  t h e  r e fe rence  aga ins t  which t h e  o t h e r  
winds were t e s t e d  when t h e  t-tests were performed. (See t a b l e s  X I  and X I I . )  
A l s o ,  convent ional  c o n t r o l s  were t h e  r e fe rence  ( t a b l e  X I )  when t h e  t-tests were 
appl ied  to cont ro ls .  The Duncan m u l t i p l e  range (DMR) test w a s  performed to 
determine which p i l o t ' s  performance d i f f e r e d  s i g n i f i c a n t l y  from t h e  o thers .  
The s i x  touchdown parameters are discussed i n  t h e  fol lowing paragraphs. 

Sink R a t e  

The improvement due to  t h e  use of decoupled c o n t r o l s  w a s  s t a t i s t i c a l l y  
s i g n i f i c a n t  f o r  t w o  of t h r e e  pilots i n  both l i g h t  and severe  wind shear  
( t a b l e  X I I )  bu t  w a s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  i n  moderate wind shear .  
Winds and p i l o t s  were n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  f a c t o r s  ( t a b l e  X )  f o r  
s i n k  rate. 

Forward Ve loc i ty  

The e f f e c t  of controls on forward v e l o c i t y  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  
f o r  four o u t  of n ine  pi lot /wind combinations. Winds were s t a t i s t i c a l l y  s ig -  
n i f i c a n t  bu t  on ly  when convent ional  c o n t r o l s  were used ( t a b l e  X I )  i n  s eve re  
winds. P i l o t  e f f e c t s  were o n l y  s t a t i s t i c a l l y  s i g n i f i c a n t  when convent ional  
controls were used i n  moderate s h e a r s  and then  o n l y  because pilot C landed a t  
higher  speeds than e i t h e r  p i lot  A or B. 
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APPENDIX c 

P i t c h  A t t i t u d e  

The e f f e c t  of t h e  type  of c o n t r o l s  on p i t c h  a t t i t u d e  w a s  s t a t i s t i c a l l y  
s i g n i f i c a n t  ( table  XII) for s i x  out  of nine pi lot /wind combinations. The 
degradat ion i n  p i t c h  a t t i t u d e  as a f u n c t i o n  of wind w a s  s t a t i s t i c a l l y  s i g n i f -  
i c a n t  when convent iona l  c o n t r o l s  were used ( t a b l e  X I )  f o r  p i l o t s  A and C i n  
both moderate and severe winds. 
s i g n i f i c a n t  effect on p i t c h  a t t i t u d e  when decoupled c o n t r o l s  were used. 
e f f e c t s  were s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  both convent ional  and decoupled 
con t r  o l  s . 

The e f f e c t  of winds had no s t a t i s t i c a l l y  
P i l o t  

Range From Threshold 

The effect of t h e  type of c o n t r o l s  and t h e  p i l o t s  on range from thresh-  
o l d  Ra was n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  (table X ) ,  and t h e  e f f e c t  of winds 
was s t a t i s t i c a l l y  s i g n i f i c a n t  on ly  when convent ional  c o n t r o l s  were used. (See 
tables X I  and X I I . )  

Lateral  Displacement and Bank Angle 

P i lo t s ,  winds, and c o n t r o l s  were gene ra l ly  s t a t i s t i c a l l y  s i g n i f i c a n t  f a c t o r s  
f o r  l a t e ra l  displacement  and bank angle. (See tables X, X I ,  and X I I . )  
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TABLE I.- B-737 AIRPLANE DIMENSION AND DESIa  DATA 

General : . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  Overa l l  l ength ,  m 28.65 
Height to  top of vertical  f i n ,  m 11.28 

Wing: 
Area, m2 . . . . . . . . . . . .  
Span, m . . . . . . . . . . . .  
Incidence angle ,  deg . . . . . .  Mean aerodynamic chord, m . . .  
Aspect r a t io  . . . . . . . . . .  
Taper ra t io  . . . . . . . . . .  
Sweep (quarter-chord) ,  deg . . .  Dihedral ,  deg . . . . . . . . .  
Flap  d e f l e c t i o n  (maximum), deg . 
Aileron  d e f l e c t i o n  (maximum), deg 

. . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  

91.04 
28.35 

3.41 
1 

8.83 
0.279 

6 
25 
40 

+2 0 

S p o i l e r s  d e f l e c t i o n  (maximum) : 
Inboard ground s p o i l e r s  (maximum), deg . . . . . . . . . . . . . . .  60 
A l l o t h e r  spoilers (maxi"), deg . . . . . . . . . . . . . . . . .  40 

HorizonEal t a i l :  
Tota l  area, m 2 .  . . . . . . . . . . . . . . . . . . . . . . . . . .  28.99 
Span ,m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10.97 
S t a b i l i z e r  d e f l e c t i o n  (maximum), deg . . . . . . . . . . . . . . . .  -14,  +3 
Elevator d e f l e c t i o n  (maximum), deg . . . . . . . . . . . . . . . . .  f 2  1 

Vertical  t a i l :  
Total area, m 2 .  . . . . . . . . . . . . . . . . . . . . . . . . . .  20.8 
Rudder d e f l e c t i o n ,  deg . . . . . . . . . . . . . . . . . . . . . . .  k24 

Weight : 
Maximum t a k e o f f  gross  weight, kN . . . . . . . . . . . . . . . . .  431 
Design landing  weight, kN . . . . . . . . . . . . . . . . . . . . .  399 
Opera t iona l  empty weight, kN . . . . . . . . . . . . . . . . . . . .  297 

Propuls ion system ( t w o  P r a t t  & Whitney JT8D-7 engines) :  
Maximum u n i n s t a l l e d  t h r u s t  per engine a t  sea l eve l  s ta t ic ,  kN . . .  62.3 
E f f e c t i v e  engine moment arms about center of gravi ty :  

Lateral arm, m . . . . . . . . . . . . . . . . . . . . . . . . . .  4.94 
Vertical arm, m . . . . . . . . . . . . . . . . . . . . . . . . .  1.52 
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TABLE 11.- I N I T I A L  CONDITIONS FOR SIMULATION 

Weight, k N . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  408 

Moments of i n e r t i a :  
Ix, kg-m2 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  602 000 
Iy, kg-m2 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 0 9 0  000 
Iz, kg-m2 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7 8 0  000 
IxZ, k g - m 2 . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  71 600 

Center of g rav i ty ,  percent  of mean aerodynamic chord . . . . . . . . . .  30 

Al t i tude ,  m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  457 

F i e l d  e l e v a t i o n ,  m . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

Indica ted  a i r speed ,  knots  . . . . . . . . . . . . . . . . . . . . . . .  130 

Fl ight -pa th  angle,  deg . . . . . . . . . . . . . . . . . . . . . . . . .  0 

Trail ing-edge f l a p  pos i t i on ,  deg . . . . . . . . . . . . . . . . . . . .  40 

F l i g h t  s p o i l e r  i n i t i a l  p o s i t i o n  (decoupled c o n t r o l s ) ,  deg 9 

Landing-gear p o s i t i o n  . . . . . . . . . . . . . . . . . . . . . . . . .  Down 
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TABLE 111. TURBULENCE SPECIFICATIONS FOR LIQiT WIND SEIEARS 

I 
. A l t i t u d e ,  

m 

(a) Wind shear  B2 

A l t i t u d e ,  
m 

6.10 
22.86 
45.72 
91.44 
137.16 
182.88 
228.60 
457.20 

Longitudinal 
rms, knots 

0.65 
1.63 
3.61 
4.76 
.50 
.25 . 00 . 00 

Lateral 
rms, knots 

0.65 
1.63 
3.61 
4.76 
.50 
.25 . 00 
.oo 

Ver  ti cal 
rms, knots 

0.09 
.15 
.25 
.31 
.09 
.06 
.oo 
.oo 

Longitudinal 
scale length ,  

m 

32.22 
55.47 
79.74 
112.78 
139.57 
161.82 
161 .82 
161.82 

Later a1 
scale length ,  

m 

15.15 
32.89 
53.00 
84.28 
111.59 
135.82 
135.82 
135.82 

Vertical 
scale l eng th ,  

m 
~~ 

3.17 
12.10 
24.23 
48.46 
72.69 
96.93 
96.93 
96.93 

(b) Wind shear  B3 

6.10 
22.86 
45.72 
91.44 
137.16 
182.88 
228.60 
457.20 

Longitudinal 
rms, knots 

0.65 
1.63 
3.61 
4.76 
.50 
.25 . 00 . 00 

Lateral 
rms, knots 

0.65 
1.63 
3.61 
4.76 
.50 
.25 . 00 
.oo 

V e r t  i cal 
rms, knots 

0.09 
.15 
.25 
.31 
.09 
.06 . 00 
.oo 

Longitudinal 
scale length ,  

m 

79.49 
674.85 
2383.31 
5389.73 
1058.33 
793.75 
793.75 
793.75 

Later a1 
scale length ,  

m 

79.49 
674.85 
2383.31 
5389.73 
1 058.33 
793.75 
793.75 
793.75 

Ver t ical  
scale l eng th ,  

1 m 

1.52 
5.72 

11.43 
22.86 
34.29 
45.72 
45.72 
45.72 



TABLE IV.- TURBULENCE SPECIFICATIONS FOR WIND SHEARS B7, D3, AND D10 

Altitude,  
m I Longitudinal I Lateral 

ms, knots rms, knots 

6.1 0 
30.49 
60.98 
121.95 
182.93 
457.32 

Longitudinal 
scale length,  . 

m 

3.40 
4.05 
4.43 
4.85 
5.11 
5.74 

Lateral 
scale length,  

m 

2.70 
3.46 
3.95 
4.50 
4.86 
5.78 

Vertical 
rms, knots 

Vertical 
scale length,  

m 

2.34 
3.53 
4.35 
5.36 
6.05 
7.94 

32.23 
66.07 
93.45 
132.16 
161.86 
256.37 

15.15 
40.91 
65.09 
103.54 
135.85 
251.37 

3.17 
16.16 
32.32 
64.63 
96.95 
242.47 



W 
0 

Excellent, highly 

Good, negl igible  

Fair ,  sane mildly unpleas- 

desirable  

I deficiencies  

an t  def ic iencies  

TABLE V.- PILOT RATING SYSTEM 

P i l o t  canpensation not a fac tor  for  1 

P i l o t  canpensation not a factor  for 2 

Minimal p i l o t  canpensation required 3 

desired performance 

desired performance 

for  desired uerformance 

Adequacy for  selected t a s k  or 
required operationa 

Major def ic iencies  

Demands on the p i l o t  i n  selected P i l o t  Control charac te r i s t ics  
task or required operationa rat ing 

Control w i l l  be lost  during some portion 1 0  
of required operation 

I I  I I Desired performance requires moderate 4 
p i l o t  compensation 

5 
considerable p i l o t  canpensation 

Minor but annoying 
def ic iencies  

Moderately objectionable Adequate performance requires warrant 
improvement 

sa t i s fac tory  without 
improvement? def ic iencies  

T e s  
I I Very objectionable but Adequate performance requires 

to le rab le  def ic iencies  extensive p i l o t  canpensation 
6 

t 
I P i l o t  decisions I 

aDefinition of required operation involves designation of f l i g h t  phase and/or subphases with accanpanying conditions. 



TABLE VI.- COMPARISON OF MAXIMUM ANGLE OF ATTACK DURING APPMACE 

USING DECOUPLED AND CONVENTIONAL CONTROLS 

8.7 8.9 

1.2 3.9 

S t a t i s t i c a l  
pa rame te r  

7.0 

3.7 

Mean 7.6 

1.9 S t a n d a r d  
d e  v i  a t  i on 

5.6 

.8 1 .8 

6.7 

S t a t i s t i c a l  
parameter  i P i l o t  A 1 P i l o t  B 

11.5 12.3 

1.1 1.1 

-_ 

Standa rd  
d e v i a t i o n  
- 

' P i l o t  c 

12.3 

1.9 

(a) Conven t iona l  c o n t r o l  d a t a  

8.8 

2.8 

9.2 9.5 

2.0 2.9 

6.6 

.7 

(b) Decoupled c o n t r o l  d a t a  

7.6 7.4 

.7 -5 

1st" is t ical  I P i l o t  I Wind I C o n t r o l  1 P i l o t / c o n t r o l  parameter  

d .0 . f .  2 2 1 2 

F 1.87 a100.81 3.28 b4.34 

F05 3.10 3.10 3.95 3.10 

Fo 1 4.85 4.85 6.93 4.85 

Control/wind P i lo t /w ind  E r r o r  

2 4 4 90 

2.79 .15 .55 

3.10 2.47 2.47 

4.85 3.53 3.53 

--- 
--- 
--- 

Severe  s h e a r s  

P i l o t  A P i l o t  B P i l o t  C 

16.8 

3.7 

(c) A n a l y s i s  of v a r i a n c e  

a s t a t i s t i c a l  s i g n i f i c a n c e  a t  t h e  5 -pe rcen t  l e v e l .  
b S t a t i s t i c a l  s i g n i f i c a n c e  a t  t h e  1 -pe rcen t  l e v e l .  
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Y GSE 

2.73 

b14.41 

b48.04 

2.40 

b10.14 

2 

2 

1 

2 

2 

TABLE VI1.- ANALYSIS OF VARIANCE FOR RMS APPROACH PARAMETERS (FROM 200-m ALTITUDE POINT) 

WITH PILOTS, CONTROIS, AND WINDS AS EXPERIMENTAL FACTORS 

DIAS 6 col mn I Experimental  
factors 

P i l o t  

Wind 

Con t r  ol 

P i lo t / con  tr 01 
i n t e r  action 

Con tr ol/ w i  nd 
i n t e r a c t i o n  

d.0.f. F 1 d.0.f: F 1.o.f. 3.0.f. 3.0.f. d.0.f. F F F 

a4.49 

bl6.41 

b16.69 

b5. 03 

.69 

1.07 

.52 

----- 

F 

a3. 1 4  

Dl 6.38 

.71 

.42 

2.67 

.48 

.42 

2 

2 

1 

2 

2 

4 

4 

79 

a3.79 

b14.95 

bl 5.60 

a5. 88 

2.99 

a2.54 

2.07 

2.36 

36. 26 

0.27 

1.12 

1.62 

.83 

.37 

---- 

2 

2 

1 

2 

2 

4 

4 

79 

~ 

1.29 

b7.1 7 

'26.28 

0.17 

b5.84 

1.14 

.35 

----- 

2 

2 

1 

2 

2 

4 

4 

79 

2 

2 

1 

2 

2 

4 

4 

79 

. P i lo t /wind  
i n t e r a c t i o n  

P i l o t / con  trol/ 
wind i n t e r a c t i o n  

I 79 ----- ErrorC 

as ta t i s t ica l  s i g n i f i c a n c e  a t  t h e  5-percent  l e v e l  (Fcritic. = 3.96, 3.11, and 2.48 
freedom, r e s p e c t i v e l y ) .  

k t a t i s t i c a l  s i g n i f i c a n c e  a t  t h e  1-percent  l e v e l  (F, i t ical  = 7.01, 4.92, and 3.60 
freedom, r e s p e c t i v e l y )  . 

%ata f o r  11 runs  wi th  convent iona l  controls were lost  due to m o d e l  p r o t e c t i o n  dev ice  to reduce d . 0 . f .  by 1 1 .  

f o r  1 ,  2, and 4 deg rees  of 

for 1 ,  2, and 4 deg rees  of 



TABLE VI I1 . -  RMS APPR3ACX DATA (FROM 200-m ALTITUDE) FOR CONVENTION& CONTROLS 

Light shears 

P i lo t  A Pilot  B Pilot  C 

Experimental ' Sta t i s t ica l  
factors parameter 

Y f  deg Mean 3.721 3.791 3.514 

Standard deviation 0.329 0.535 0.613 

t (controls) Reference Reference Reference 

t (winds) Reference Reference Reference 

Moderate shears Severe shears 

Pilot  A P i lo t  B P i lo t  C P i lo t  A Pi lo t  B P i lo t  C 

3.641 3.981 3.457 4.283 5.408 4.368 

I 

0.791 0.462 0.440 0 1.020 0.849 

Reference Reference Reference Reference Reference Reference 

0.21 0.66 0.18 1.39 a2.76 1.69 , 

DMR(pi1ots) Not s t a t i s t i ca l ly  significant (ANOV) I 

t (winds) Reference 

GSE, m Mean 9.88 I 8.06 I 7.09 ' 11.62 1 10.89 I 13.68 10.01 I 13.86 I 19.35 1 

~ ~~ ~ ~~ ~~ ~ 

Reference Reference 1 0.63 1.40 1.75 0.04 a3.09 b4.63 

ELK, m 

I 

DER (pilots)  (A-B), (B-C), (A-C) (C-A), (A-B),  (C-B) 

Mean 33.75 17.13 14.92 35.26 23.91 16.14 

Standard deviation 24.65 6.88 10.52 18.53 8.94 10.40 

t (controls) Reference Reference Reference Reference Reference Reference 

t (winds)  Reference Reference Reference 0.11 1 .47 0.06 

~ Standard deviation 2.48 I 2.79 1 2.53 , 5.60 1 4.09 I 8.88 0 I 1.01 I 5.18 ~ 

t (controls) Reference Reference' Reference 1 Reference Reference Reference  reference Reference Reference 

(C-B), (B-A), (C-A) 

14.74 24.42 31.05 

0 3.90 23.31 

Reference Reference Reference 

0.63 1.50 1.38 

DMR(pi1ot.s) Not s t a t i s t i ca l ly  significant (A") 

W 
W 



W 
ICL 

~ ~~~~~ 7 

Light shears Moderate shears 

P i lo t  A P i lo t  B P i lo t  C P i lo t  A P i lo t  B P i lo t  C 

Exprimen t a l  S t a t i s t i ca l  
factors par meter  

DIAS, knots Mean 7.35 7.19 5.96 8.10 8.40 9.84 

Standard deviation 1.11 2.06 1 .69 2.45 3.16 7.12 

1 t (controls) Reference Reference Reference Reference Reference Reference 

TABLE VII1.- Concluded 

Severe shears 

P i lo t  A P i lo t  B P i lo t  C 

13.34 10.76 16.94 

0 2.24 12.28 

Reference Reference Reference 

I 

/t ( w i n d s )  
I 

DMR(pi1ots) Not s t a t i s t i c a l l y  significant (A") 

0.63 

Standard deviation 

t (controls) 

0.79 

8.909 7.117 7.829 9.865 9.225 8.294 8.594 13.029 14.629 

1.71 3 1.230 5.21 3 2.753 1.732 2.397 0 2.284 2.041 

Reference Reference Reference ~ Reference Reference Reference Reference Reference Reference 
I 

1 .31 

t (winds) Reference Reference 

b4. 42 

Reference 0.66 a2.42 0.20 0.15 b4.48 a2.48 

2.11 b14.06 

0.432 10.384 0.565 0.288 

gco lmnr  deg Mean 1.572 1.415 1.066 1.633 1.724 

Standard deviation 0.263 0.360 0.205 10.927 

t (controls) Reference 1 Reference I Reference 1 Reference 1 Reference rRef erence TRefeLnce I Reference I Reference 

a s t a t i s t i c a l  significance a t  the 5-percent level.  
bSta t i s t ica l  significance a t  t h e  1-percent level. 



TABU IX.- RMS APPROACZi DATA (FROM 200-m ALTITUDE) FOR DECOUPLED CONTROLS 

Reference 

I Light shears Moderate shears Severe shears  
I 

Experimental S t a t i s t i c a l  
fac tors  parameter 

Reference Reference 1.35 0.22 a2. 68 b3.47 0.99 b3. 26 

3.004 3.060 3.047 3.245 3.195 3.195 3.660 3.580 3.394 ' 

0.101 0.058 0.362 0.321 0.284 0.480 0.234 0.1 91 

b3.29 '1 .86 0.99 b3. 42 0.39 0.97 b3.68 "2.47 

Reference Reference Reference 1.17 0.96 1.23 b3.18 b3.71 '2.89 

Not s t a t i s t i c a l l y  s ign i f icant  (A") 

DhR (p i lo t s )  (B-A)r (A-C), (B-C) 

1 t (controls) I b5.11 1 1.95 I b3.48 ~ 0.33 I b3.38 I 1.87 I 0.63 I '3.15 I b4.56 1 

(AX), (C-B), (A-B) ~(A-c), (c-B) , ~ ( A - B )  
ELOC, m Mean 18.21 17.1 7 13.32 34.78 26.61 21.07 44.89 39.04 24.47 

Standard deviation 12.30 7.06 7.46 19.34 11.27 9 .85 38.99 25.29 17.08 

t (controls)  N o t  s t a t i s t i c a l l y  s ign i f icant  (ANW) 

t (winds) 

DMR ( p i l o t s )  

a s t a t i s t i c a l  s ignif icance a t  the 5-percent leve l .  
b S t a t i s t i c a l  significance a t  the 1-percent leve l .  
'Data f a i l s  homogeneity of variance t e s t  a t  the 1-percent leve l  which masks the difference between means. 

Reference Reference Reference 1.10 0.99 1.10 1.77 "2. 30 1.59 

Not s t a t i s t i c a l l y  s ign i f icant  (ANOV) 



w m 

Light shears  Moderate shears  Severe shears  

P i l o t  A P i l o t  B . P i l o t  C P i l o t  A P i l o t  B P i l o t  C P i l o t  A P i l o t  B P i l o t  C 

Experimental S t a t i s t i c a l  
f a c t o r s  parameter 

D I A S  . knots ' Mean 4.86 3.18 3.82 5.27 5.01 5.43 5.66 5.89 6.74 

TABLE 1X.- Concluded 

. 

t (controls)  r e ]  ~ ~ ~ ~ ~ n c e  

IStandard deviat ion I 2.45 I 0.85 I 0.93 I 2.28 I 1.51 I 2.62 1 2.01 I 0.90 I 1.81 1 
a2.48 1.79 2.17 1.30 "3.23 LL;: ~ ::::: I 

Reference 0.30 9.58 1.41 0.62 

' 6wheelr deg 

DMR(pi1ots) N o t  s t a t i s t i c a l l y  s i g n i f i c a n t  (A") 

Mean 6.706 10.878 10.623 11.487 17.805 13.213 11.322 19.036 16.347 

Standard deviat ion 2.028 3.71 3 7.463 3.51 8 6.085 2.107 1.806 6.729 7.999 

t (controls)  1.74 a 2.39 0.75 0.76 b3.32 b3.78 1.13 0.35 0.42 

deg I Mean 0.627 I 0.910 I 0.611 1 1.407 - 1  1.848 I 1.363 I 1.886 I 2.513 1 1.886 

t (winds) 
I 

/Standard deviat ion 0.273 1 0.518 I 0.150 I 1.118 I 0.832 I 0.809 I 0.873 I 1.703 I 0.942 

Reference Reference Reference b3. 23 2.12 0.70 a3.12 a2.50 1.54 

I t (controls)  

~ DMR (p i lo t s )  (B-C) I (C-A) I (B-A) (B-C), (C-A), (B-A) 

N o t  s t a t i s t i c a l l y  s i g n i f i c a n t  (A") I 

(B-A) , (A<) I 

- 
t (winds) Reference Reference Reference 1.63 1.42 1.79 a2.62 '2.43 a3.04 



X.- ANALYSIS OF VARIANCE FOR “ W ~ D O W N  PARAMETWS WITH PIlDl!S, CONTRDLS, 

AND WINDS AS EXPERIMENTAL FACTORS 

~ 

Pilot 

Wind 

Con t r  ol 

P i l o  t/con t rol  
interacton 

Control/wind 
interaction 

Pilot/wind 
interaction 

Pilot/control/ 
wind interaction 

ErrorC 

I 0‘75 I 
2 a4.12 , 

1 3.03 

2 .63 
I I 

2 

4 

4 

79 

b9. 25 

. 48  

1.57 

! a 3 * g g  j 
2 ~ .45 ~ 

1 2.55 

2 1 .14  
I 
I 

2 .88 , 

4 

4 

79 

.13 

1.59 

----- 

2 1 1 .00  I 2 1 a4.53 

! a3-62 

I 

2 1.15 I 
I 

1 b44.18 I 1 I a4.44 

2 Ib11.82 

2 b22.65 

2 a4.55 

1 b32. 55 

2 bl 2.55 2 1 . i 3  
I 

2 b6.68 

4 

4 

79 
I 

.98 

.12  

----- 

I 2.38 

2 

4 

4 

79 

a4. 30 

b3.95 

b . 7 0  

------ 

2 

2 

1 

2 

2 

4 

4 

79 

0.56 

1.77 

.30 

.38 

.57 

1.60 

1.01 

--- 
astat is t ical  significance a t  the 5-percent level (Fcritical = 3.96, 3.11, and 2.48 

bStatistical significance a t  the 1-percent level (Fcr i t ica  = 7.01, 4.92, and 3.60 

CData for 11 runs wi th  conventional controls were lost  due to model protection device to reduce d.0.f. by 11. 

€or 1 ,  2, and 4 degrees 

for 1 ,  2, and 4 degrees 
of freedom, respectively). 

of freedom, respectively). 

w 
4 



TABLE XI.- TOUCHDOW DATA FOR CONVENTIONAL CONTROLS 

Light shears 

P i lo t  A P i lo t  B P i lo t  C 

Zxpe rimen t a l  
fac tors  

Moderate shears Severe shears 

P i lo t  A P i lo t  B P i lo t  C P i lo t  A P i lo t  B P i lo t  C 

i, d s e c  Mean 

Standard deviation 

t (controls) . 
- 
- 
t (winds) 

S t a t i s t i ca l  
parameter 

1.86 1.89 2.35 1.95 2.29 1.89 3.63 2.44 3.1 7 

0.73 0.82 1.19 0.58 0.64 0.70 0 1.34 1.65 

Reference . Reference Reference Reference Reference Reference Reference Reference Reference 

Not s t a t i s t i c a l l y  significant (A") I 

Mean 15.2 115.2 86.8 -291.5 -107.4 167.0 436.8 272.5 477.1 

DhR (pilots)  

Standard deviation 

t (controls) 

.~ ~ ~ 

Not s t a t i s t i c a l l y  significant (ANOV) 

51.5 132.3 140.9 280.7 279.6 367.3 0 210.9 446.6 

Reference Reference Reference Reference Reference Reference Ref erence Reference Reference 

t (winds) \Reference /Reference\ Reference I a3.30 I 1.25 I a2.43 I b5.51 1 1.70 1 0.38 

DMR(pi1ot.s) I Not s t a t i s t i c a l l y  significant (A") 

119.3 132.4 Mean 114.5 117.2 125.5 120.1 119.5 130.4 107.0 

Standard deviation 1.2 5.0 11 .o 6.2 5.9 5.1 0 14.0 16.3 

t (controls) Reference Reference Reference Reference Reference Reference Reference Reference Reference 

t (winds) Reference Reference Reference 2.24 0.73 0.99 b5.79 0.29 0.75 , 
r 

a s t a t i s t i c a l  significance a t  the 5-percent level. 
k t a t i s t i c a l  significance a t  the 1-percent level. 
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L i g h t  shears 

P i lo t  C 

Experimental S ta t i s t ica l  1 factors ~ parameters 

TABLE XI.- Concluded 

Moderate shears Severe shears 

P i lo t  A P i lo t  A P i lo t  B 

y r  Standard deviation 

3.2 3.3 1.7 1.3 1.9 -0.8 9.2 5.2 -3.1 

0.6 1 .o 1 .5 0.5 1.8 1.7 0 6.9 1.4 
I I I 

t (winds) 

I t (controls) 

Reference Reference Reference b6.33 1.63 a2. 71 b.27 0.58 b8.40 

I Reference Reference Reference 1 Reference I Reference 1 Reference 1 Reference I Reference 1 Reference 1 I I 
DMR (p i lo t s )  

Mean 

Standard deviation 

t (controls) 

I I I I I I I I I I I I 

(B-A) ( A X ) ,  (B-C) (B-A), a(A-C), a(B-C) (A-B) , (B-C), b(A-C) 

-4.1 2.0 0.4 -0.2 2.2 -4.9 -6.5 4.1 -4.2 

5.9 6.6 4.0 2.9 6.3 12.6 0 3.9 18.4 

Not s t a t i s t i ca l ly  significant (ANOV) 

4, deg Mean 1.6 -0.2 0.3 0.4 1.1 1.7 2.9 1.7 1.9 

Standard deviation 2.4 2.7 1 .o 3.6 4.0 2.1 0 3.5 5.2 

t (controls) Reference Reference Reference Reference Reference Reference Reference Reference Reference 

t (winds) Not s t a t i s t i ca l ly  significant (ANOV) 

DER (pilots)  Not s t a t i s t i ca l ly  significant (ANOV) 

I t (winds 1 
~ 

Not s t a t i s t i ca l ly  significant (A") 



P 
0 

Light shears Moderate shears  Severe shears  

P i l o t  A P i l o t  B P i l o t  C P i l o t  A P i l o t  B P i l o t  C P i l o t  A P i l o t  B P i l o t  C 
S t a t i s t i c a l  
parameter 

Mean 1.10 1.01 1.01 1.34 1.80 1.46 1.13 1.13 1.10 

Standard deviat ion 0.24 0.37 0.49 0.58 0.85 0.46 0.30 0.37 0.61 

I t (controls)  2.17 “2.42 a2. 59 1 ,57  1.12 1.28 b6 .89 1.97 a2.58 

TABLE X I 1 . -  TOUCHWWN DaTA FOR DECQUPLED C0NTW)LS 

. 
Experimental 

f a c t o r s  

I 

I’ 

G, m/sec 

DMR ( p i l o t s )  Not s t a t i s t i c a l l y  s i g n i f i c a n t  (ANOV) 

356.4 275.4 240.6 233.9 251.3 234.2 279.8 21 6.2 302.9 

::::dad deviat ion 153.2 63.4 73.4 145.7 21 7.2 192.7 47.2 95.6 247.2 

t (controls)  N o t  s t a t i s t i c a l l y  s i g n i f i c a n t  (ANOV) 

t (winds) Reference Reference Reference 1.70 0.29 0.06 1.06 0.72 0.58 

I 
Mean 127.6 

Standard deviation 2.8 

t (controls)  b8.81 

t (winds) Reference 

125.6 124.0 121.8 122.9 121.4 129.2 127.0 126.5 

1.6 4.5 7.7 4.8 6.1 1.8 5.0 3.2 

b3.93 0.31 0.36 1.09 a1.79 bl 0.42 1.06 0.78 

1 Reference Reference 2.08 1.14 0.96 0.57 0.59 0.92 

.. . 

DMR ( p i l o t s )  (A-B), (B-C), (A-C) 
1 I 

(B-A), (A-C), (B-C) (A-B), (B-C), (A-C) 
1 



TABLE XII. - Concluded 

6, deg 

Y t  m 

Severe shears Experimental S t a t i s t i c a l  
~ fac tors  1 parameter 

Mean 3.2 3.8 3.1 3.1 3.6 3.0 3.0 3.5 2.9 

Standard deviation 0.0 0.0 0.2 0.5 0.4 0.3 0.2 0.3 0.4 

t (controls) 0.00 1.19 a2.33 b5.37 a2. 24 b5.39 b4. 29 0.53 b9. 34 

DMR ( p i l o t s )  b ( ~ - ~ ~ I  (AX),  b ( ~ ~ )  '(B-A), ( A X )  I a(B-C) b ( ~ - ~ )  I (A-c), ~ ( B - c )  

t (winds) Reference Reference Reference 0.56 1.25 0.71 1.22 1.88 1.12 
I 

Mean 3.8 1 .o -6.7 2.8 5.4 0.6 3.2 1.3 1.5 

Standard deviation 3.3 4.1 2.3 6.4 3.8 8.8 4.1 5.0 4.0 

t (controls)  Not s t a t i s t i c a l l y  s ign i f icant  (ANOV) 

4 ,  deg Mean 0.2 1 .o 0.1 0.2 -2.5 1.4 1 .o 4.4 2.2 

Standard deviation 1.0 3.4 2.6 3.9 4.3 1.6 1.5 7.7 1.5 

t (controls)  Not s t a t i s t i c a l l y  s i g n i f i c a n t  (A") 

t (winds) N o t  s t a t  is t i c a l l y  s ign i f icant  ( ANOV) 

I I DMR(pilots) I N o t  s t a t i s t i c a l l y  s i g n i f i c a n t  (A") 1 
a s t a t i s t i c a l  s ignif icance a t  the'5-percent leve l .  
b S t a t i s t i c a l  s ignif icance a t  the I-percent level .  



s poi ler s 

Figure 1 .- Spoi le r  panel i d e n t i f i c a t i o n .  
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Figure 2.- Simulator cockpit. 
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Figure 4.- Wind p r o f i l e  B2 (low s e v e r i t y ) .  
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Figure 6.- Wind p ro f i l e  B6 (moderate seve r i ty ) .  
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Figure 7 . -  Wind p r o f i l e  B7 (moderate s e v e r i t y ) .  
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Figure 10.- Typical flight using decoupled controls in light shear. 
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Figure  10.- Concluded. 
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Figure  1 2 . -  Typical f l i g h t  using convent ion1 c o n t r o l s  i n  seve re  shear .  

55 



1 

aZ' g units 0 

-1 

T, kN 1 120 

100 

80 
60 ' I  ' 

- 1  I 1 -  1 - 1  J 
0 20 40 60 80 100 120 140 

Time, t, sec 

F i g u r e  1 2 . -  Concluded.  

56 

I * .  , . ...,..,. 



IAS,  knots130 

l a l l  110 

Yc.deq '[ 
-30 

a 

GSE, deq 

-0. 'I 7 
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Figure 15.- Approach p r o f i l e s  for  p i l o t  B i n  l i g h t  shears. 
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